Crude toxin was prepared by lyophilization and extraction of toxic Microcystis aeruginosa from four natural sources and a unicellular laboratory culture. The responses of cultures of liver (Mahlavu and PLC/PRF/5), lung , cervix (HeLa), ovary (CHO-Kl), and kidney (BGM, , and Vero) cell lines to these preparations did not differ significantly from one another, indicating that toxicity was not specific for liver cells. The results of a trypan blue staining test showed that the toxin disrupted cell membrane permeability within a few minutes. Human, mouse, rat, sheep, and Muscovy duck erythrocytes were also lysed within a few minutes. Hemolysis was temperature dependent, and the reaction seemed to follow first-order kinetics. Escherichia coli, Streptococcus faecalis, and Tetrahymena pyriformis were not significantly affected by the toxin. The toxin yielded negative results in Ames/Salmonella mutagenicity assays. Microtiter cell culture, trypan blue, and hemolysis assays for Microcvstis toxin are described. The effect of the toxin on mammalian cell cultures was characterized by extensive disintegration of cells and was distinguishable from the effects of E. coli enterotoxin, toxic chemicals, and pesticides. A possible reason for the acute lethal effect of Microcystis toxin, based on cytolytic activity, is discussed.
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Some cellular components of various species of algae have toxic, carcinogenic, or mutagenic effects (7, 11, 23, 31, 32, 34, 37) . Neither the chemical nor the toxicological properties of these compounds have been fully established (6, 7, 11) . Certain strains of the blue-green alga (cyanobacterium) Microcystis aeruginosa Kutz emend Elenkin produce toxins which may consist of different combinations of a number of peptide or peptide-containing toxins of undefined structure with hepatotoxic or neurotoxic activities (7, 11, 22) . The M. aeruginosa toxin known as microcystin or fast-death factor, which kills white mice in 1 to 3 h, may consist of more than one type of cyclic polypeptide which may contain up to 16 amino acids and have a molecular weight ranging from 654 to 19 ,400 (7, 11, 28, 37) . Death of mice and vervet monkeys injected with Microcystis toxin has been ascribed to circulatory failure as an indirect consequence of extensive liver damage (10, 37, 38) . However, the short survival time suggests that liver damage may not be the primary cause of death, and indications that neurotoxic activity located in the same fraction as the hepatotoxin or in a different fraction is the cause of death have been observed (11) . In white rat and mouse toxicological studies in which algal toxin preparations that probably included microcystin but possibly also other toxins have been used, a number of disturbances in enzymatic systems and metabolic processes have been observed, and it has been concluded that the toxins of bluegreen algae cause degenerative changes in parenchymatous organs and brain cells (22) . Toxins of blue-green algae have been reported to agglutinate erythrocytes (6) and to be cytopathogenic for cultures of mammalian cells (22) . Primary fibroblast cultures of human and rat embryo cells have proved particularly sensitive, followed, in decreasing order of sensitivity, by a rat fibroblast cell line and the HeLa, A-8, and HEp-2 cell lines (22) .
This study deals with the response of previously untested cells to Microcystis toxin, the development and evaluation of biological assays for Microcystis toxin, and the testing of toxin for mutagenic activity by means of the Ames/Salmonella microsome mutagenicity assay (Ames test) . The results contribute to the characterization of Microcystis toxin, the establishment of practical methods for research on the toxin, and the understanding of its mechanism of action. MATERIALS (6) . In hemolysis tests, equal volumes of erythrocytes in saline (10% [vol/vol] ) and test material suspended in saline were mixed and kept at 35°C for 60 min. Reaction mixtures were then macrohematocrit centrifuged in Wintrobe tubes (3,000 x g for 3 min at room temperature or 2,260 x g for 30 min at 5°C) (41) or microhematocrit centrifuged by the method described previously (41) or in 1.5-ml Eppendorff tubes with a Heraeus-Christ type 00912 microhematocrit centrifuge for 5 min at room temperature. Saline or saline preparations of nontoxic strains of M. aeruginosa were mixed with erythrocyte suspensions in negative controls. Test and negative-control suspensions were centrifuged simultaneously. After centrifugation, the supernatants were assayed, and any reduction in packed-erythrocyte volume and concomitant increase in visible hemoglobin concentration relative to the negative-control levels was recorded as a positive hemolysis reaction (41 (7, 18, 28, 37) .
Test for E. coli heat-labile enterotoxin. Suspensions of CHO-Kl cells were subcultured in 0.1-ml quantities into wells of flat-bottom microtiter plates, and dilutions of enterotoxin preparations (0.1 ml) were added immediately. Similar preparations of non-enterotoxigenic strains of E. coli were used in negative controls. After incubation for 24 h at 37°C in an atmosphere of 5% C02, the morphology of the cells was investigated. The percentage of elongated cells (clearly bipolar, length three times greater than diameter) was determined (15, 33) , and the results were recorded as + + (more than 15% elongated cells), + -(ca. 15% elongated cells), or --(less than 15% elongated cells). This procedure was used in all studies of the effect of E. coli enterotoxin and Microcystis toxin on the morphology of mammalian cells.
Trypan (12) . Inactivation of stationary-phase bacteria was evaluated by adding 0.1-ml overnight broth culture (35°C) samples diluted to 10-2 in saline to 4 ml of saline containing 2 mg of lyophilized Microcystis extract per ml and counting viable bacteria before and after incubation for 5 h at 35°C. The effect of toxin on the multiplication of bacteria was evaluated by inoculating 0.1-ml overnight broth culture samples diluted 10' in saline into 4 ml of nutrient broth (Difco) containing 2 mg of lyophilized Microcystis extract per ml and counting viable bacteria before and after incubation for 24 h at 35°C. In negative controls, toxin was replaced by similar extracts of nontoxic Microcystis harvests. We counted bacteria by membrane filtration, using m-Endo LES agar for E. coli and m-Enterococcus agar for S. faecalis (12) . Lower counts in test mixtures than in negative controls were taken as evidence of bacterial inactivation or inhibition of multiplication.
Ames tests. Plate incorporation assays and spot tests in which tester Salmonella sp. strains TA98 and TA100 were used were performed as described previously (3, 13) . Tests were done on the toxin preparations described above as well as on slurries of toxic M. aeruginosa in dimethyl sulfoxide (10 mg/ml), which were tested without filtration.
Chemical toxicants and pesticides. Solutions of anhydrous copper sulfate, mercuric chloride, ammonium sulfate, lead chloride, cadmium chloride, and phenol were prepared as described previously (21) . Ethyl alcohol was used to facilitate the solution of the pesticides parathion, chlordane, and pentachlorophenol (26) in water. All solutions were decontaminated by membrane filtration.
RESULTS
Response of mammalian cell cultures to Microcystis toxin. Cells of all cultures were severely damaged or disintegrated after overnight incubation in the presence of toxin ( Fig. 1C and G) . All cell lines underwent the same type of cell disintegration, which resulted in cell debris of different sizes and granular material ( Fig. 1C and G) . The disintegration of cells was not preceded by elongation or associated morphological changes. Cytopathogenic effects were detectable within about 6 h in cells seeded in the presence of undiluted toxin preparations and about 8 h after the preparations were added to established 24-h cultures. Results of toxin titrations were usually read after overnight incubation (16 to 24 h), but the lowest concentrations of toxin which exerted a cytopathogenic effect were generally detectable only after 2 to 5 days of incubation. Serum had no effect on the action of toxin: serum added concomitantly with toxin or 4 h after toxin was added to washed cells in serum-free growth medium did not detectably alter the cytopathogenic effect.
The results of a typical toxin titration ( weeks simply by incubation at 33°C in maintenance medium that was changed twice a week. The microtiter cell culture assay yielded reproducible results, had a fairly distinct endpoint, and proved suitable for titrating toxin derived from a variety of sources.
In the case of the toxin obtained from Hartbeespoort Dam, cell culture assays proved to be more sensitive than the mouse toxicity test, and the hemolysis test was the most sensitive (Table   1 ). In similar comparative tests of M. aerluginosa WR70 toxin and the toxins obtained from Vaal and Roodeplaat Dams, the cell culture assays were also more sensitive than the mouse toxicity test; in contrast, the hemolysis test was less sensitive than both. None of the tests responded to negative controls.
To evaluate possible interference by other compounds which may occur in water and have cytopathogenic effects, we performed microtiter cell culture assays of membrane-filtered samples of wastewater collected at the Daspoort sewage purification works in Pretoria (12) , water from the Hartbeespoort Dam, and solutions of toxic compounds in distilled water. The results of a typical comparative experiment show that raw and treated wastewater and river and dam water lacking an algal bloom yielded negative results in cell culture assays in which Mahlavu or CHOKl cells were used (Table 2) . Similar results were recorded for samples collected on 8 different days and assays in which BGM, Vero, MA-104, HeLa, or PLC/PRF/5 cells were used. Even membrane-filtered samples of water with a bloom of toxic M. aeruginosa or laboratory cultures of M. aeruginosa WR70 generally yielded negative results. Cell toxicity was detectable only after the release of toxin from the toxic algae by lyophilization or sonication. The cytopathogenic effect of the chemicals and pesticides (Table 2 ) was characterized by the rounding of cells and by death without instant disintegration ( Fig. 1D and H ) and was distinguishable from the effect of Microcystis toxin.
Response of cell cultures to E. coli enterotoxin. In microtiter cell culture assays, CHO-Kl cells exposed to E. coli enterotoxin displayed the typical cell elongation (Fig. 1B) described previously (15) . Mahlavu cells elongated similarly (Fig. 1F) , but PLC/PRF/5 cells did not. The cell elongation induced by the E. coli enterotoxin was distinguishable from the cytopathogenic effect of Microcystis toxin (Fig. 1) . Mouse Even though the sensitivities of the hemolysis test to various toxin preparations differed from those of microtiter cell culture and mouse toxicity tests, no difference was detected among the hemolytic reactions to the toxin preparations. In tests of 4-mg/ml samples of Hartbeespoort Dam Microcystis toxin, microscopic observation revealed that the lysis of erythrocytes started immediately and that more than 95% of the cells were lysed within 2 to 8 min. The detection of low concentrations of toxin required prolonged incubation. Mixtures of erythrocyte and test suspensions were successfully incubated in a variety of tubes or vials and centrifuged directly for screening purposes or analyzed accurately after hematocrit centrifugation. For microscopic detection of erythrocyte lysis with a hemacytometer or ordinary microscope slide, a reaction mixture consisting of 0.1 ml of erythrocyte suspension (50 x 105 erythrocytes per ml) and 0.1 ml of test suspension was sufficient and was conveniently prepared in wells of microtiter plates. The hemolysis tests were simple and economical and yielded results with a clearly defined endpoint within a short period. For instant availability, erythrocyte suspensions were stored at 4°C for several weeks. Decontamination of test suspensions was generally not necessary, but it was important to have an isotonic reaction mixture to avoid the autolysis of erythrocytes. Tests of ordinary samples of water therefore required the addition of sodium chloride to a final concentration of 0.85%. Under these conditions, negative results were recorded for wastewater, river and dam water, E. coli enterotoxin, and relatively high concentrations of toxic compounds ( Table 2) .
Response of T. pyriformis to Microcystis toxin. No significant difference between suspensions with and without toxin in viability, motility, or morphology of T. pyriformis was detected, even after 16 h at 27°C. As far as could be established by trypan blue tests, the toxin also had no effect on the membrane permeability. These results show that toxin in concentrations highly cytolytic to mammalian cells and lethal to mice (Table  1) had no significant effect on T. pyriformis.
Response of bacteria to Microcystis toxin. In saline suspensions containing toxin, the average count of E. coli cells increased from 38 declined from 21 x 103 to 9 x 103/ml. These results show that both E. coli and S. faecalis actually thrived on the toxin preparations. The toxin had no detectable effect on the multiplication of the bacteria in broth for 24 h at 35°C. In broth with or without toxin, the average count of E. coli increased from 4 x 102 to 20 x 108/ml, and that of S. faecalis increased from 2.8 x 102 to 90 x 107/ml. Similar results were recorded in experiments in which preparations of toxic M. aeruginosa were replaced by homologous preparations of nontoxic strains. These results show that toxin in concentrations highly cytolytic to mammalian cells and lethal to mice (Table 1) had no detectable effect on E. coli and S. faecalis. Ames tests. No mutagenic activity was detected in assays of any of the test strains in the presence or absence of activating liver enzymes.
DISCUSSION
The absence of a significant difference among the sensitivities of liver, lung, cervix, ovary, and kidney cells shows that the Microcystis toxin did not specifically attack liver cells. Histological damage in animals is possibly first detected in the liver (6, 10, 38) (Table 1 ). However, it should be kept in mind that these tests were done in vitro on transformed cells and that untransformed cells under in vivo conditions may behave differently. This is illustrated by the primary vervet kidney cells, which were more sensitive than transformed kidney cells or any of the other transformed cells. The observation that untransformed cells are more sensitive than transformed cells has been noted before (22) .
The results of the trypan blue and hemolysis tests show that one effect of the toxin was to inactivate the cell membrane permeability barrier almost instantaneously. As in the case of the sensitivities of the cell cultures, there was hardly any difference among the sensitivities of the different cells to this effect. Damage to cell membranes substantiates the observation that destruction of liver cells is the earliest histological sign of a toxic effect on animals. Liver damage is characterized by the breakdown of sinusoidal endothelia, the disappearance of the spaces of Disse between hepatocytes and sinusoids, irregular-sized inter-and intralobular connective tissue focus proliferation, leukocyte infiltration, and progressive disruption of tissue structure (6, 10, 38) . In vivo liver cell destruction, the damage to in vitro cell cultures characterized by almost complete cell disintegration ( Fig. 1C and G) , and the penetration of trypan blue into cells that had been exposed for a few minutes to toxin in suspension cultures indicate that cell membrane destruction is probably the primary, possibly only, mechanism of action of Microcystis toxin. Destruction of the liver cell permeability barrier would explain the early increase in serum levels of liver enzymes (10) . The failure of disrupted hepatocytes and the liver structure to dispose of the influx of circulating blood may account for the toxin poisoning symptoms of accumulation of blood in the liver (10, 18, 37) , pallor (18, 37) , and death as a consequence of circulatory collapse. The instantaneous disruption of membrane permeability and hemolysis indicate that protein synthesis is not involved in the cytolytic action of the toxin, which may explain the sudden onset of symptoms of toxin poisoning in vivo and demonstrate that the toxin has no cytotoxic effect.
The absence of cell elongation or related morphological changes in all of the cell types after exposure to toxin shows that the mechanism of action of the toxin differs from that of E. coli heat-labile enterotoxin. The latter induces typical cell elongation in CHO-Kl (Fig. 1B) , Mahlavu (Fig. 1F) , and various other cell lines such as HeLa and Vero by stimulation of the adenyl cyclase enzyme (15) . The typical pattern of rapid and extensive cellular disintegration by Microcystis toxin (Fig. 1C and G) may prove useful in the identification and characterization of the toxin: the pattern was also distinguishable from that of heavy metal and pesticide toxin effects (Table 2) , which included the gradual rounding of cells, death, and no early disintegration ( Fig.   1D and H) .
The failure of Microcystis toxin to significantly affect the protozoan T. pyriformis, the gramnegative bacterium E. coli, and the gram-positive bacterium S. faecalis indicates that the toxin may specifically attack cell membranes of warm-blooded animals. This is substantiated by the temperature dependence of erythrocyte lysis. The resistance of T. pyriformis shows that the toxin may be similar to toxins of blue-green algae such as Anabaena flos-aquae, which do not affect the protozoan Paramecium caudatum, and may differ from toxins such as those of Fischerella epiphytica and Gloeotricha echinulata, which inactivate P. caudatum (31) .
The erythrocyte lysis results and the lack of evidence of agglutination suggest that unless different compounds were involved, the hemagglutination reported in an earlier study (6) may have been mistaken for hemolysis. This indicates that the mechanism of action of Microcystis toxin differs from that of hemagglutinating toxic lectins of higher plants (6, 19, 20, 36) and hemagglutinating compounds of certain marine algae (5, 6) . The molecular weights of plant lectins (in the range of 100,000) are also much higher than that of Microcystis toxin (6, 11) , and the survival time of 2 to 4 days after acute dosages of toxic lectins is much longer than that observed after acute dosages of Microcystis toxin. It appears that the mechanism of action of Microcystis toxin may be more similar to that of bacterial cytolytic toxins (2, 24) or even snake venom cardiotoxins (25) . The negative Ames test results show that the toxin differs from mutagenic and carcinogenic compounds of certain marine algae (23) , fungi (4, 39) , and higher plants (40) .
The cell assays described in this study should prove useful in research on the characterization and mechanism of action of Microcystis toxin and related toxins. The observation that the sensitivity of hemolysis tests to preparations of different harvests of toxic M. aeruginosa did not correlate with those of mouse toxicity and cell culture tests suggests that these three tests measure activities of different components and that the ratio in which these components are produced is not the same for all strains of toxic M. aeruginosa. The presence of various compounds with different molecular weights, physical properties, and amino acid compositions in Microcystis extracts has been established (11, 28, 37) , and the data on the hemolytic activities of different preparations are in agreement with the hemagglutination test results which did not correlate quantitatively with data on the lethal doses of different toxin preparations for mice (6) .
The in vitro procedures described in this study make it possible to investigate the effect of toxins on the morphology and chemical composition of membranes of selected cells under controlled conditions and to distinguish between cytolytic and cytotoxic activities. The negative results recorded in multiple tests of settled and treated wastewater, river and dam water lacking a toxic algal bloom, and solutions of toxic chemicals and pesticides (Table 2) in concentrations which are rarely exceeded in natural bodies of water (16) indicate that false-positive results of the cell assays are unlikely to be due to the conventional pollutants in the test samples. In terms of analytical methods, the microtiter cell culture assay was more sensitive than the conventional mouse toxicity test to all preparations, and the hemolysis test was the most sensitive to the Hartbeespoort Dam toxin. The in vitro cell assays may also prove useful for the general screening of water quality. Although they are less sensitive to toxicants than more sophisticated biological toxicity assays (21, 26, 27) , they may be used for the detection of shock loads of a variety of potentially acute toxicants because of being simple, quick, and economical.
Even though the results of our studies of toxic M. aeruginosa from five sources were in close agreement with one another, comparison of our findings with those of other studies should be done with caution because M. aeruginosa, as well as other blue-green algae, produces a variety of toxic compounds with different properties, toxic effects, and mechanisms of action (6, 7, 11, 18, 22, 28, 34, 37) . The toxicity noted in this study may be the result of combined or synergistic effects of different compounds (2, 24) , and the effects of other compounds may have been antagonized or obscured. Similar studies on chemically purified and characterized fractions are therefore in progress.
